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We measure experimentally the angular distribution of radiation by relativistic particles in 
the field of a bending magnet with a rectilinear segment between the point of 
emergence of the beam and the magnet. We show that the observations are in agreement 
with the calculated radiation for motion of particles along the actual trajectory. It turns out 
that the radiation from the rectilinear segment (transition radiation) and from the 
circular arc (synchrotron radiation) strongly interfere, and therefore dividing the total 
radiation into transition and synchrotron makes no sense under these experimental conditions. 

INTRODUCTION 

The radiation from a particle on a prescribed trajectory 
can be calculated in analytic form. Suppose that the law of 
motion of the particle is given in the form 

Let us Fourier analyze the vector potential A(r,t) and the 
scalar potential q(r,t) with respect to time: 

Then the Fourier components A,(r) and q,(r) are given 
by1 

iw 1 r-r' 1 
A,(r)=- - j ~ ( ~ ' )  exp( )drl, 

c lr-r'l 
(31 

where j,(r) and p,(r) are the Fourier components of the 
current density j and charge density p corresponding to the 
law of motion ( 1 ) : 

p=q6[r-r(t)] = p,(r)exp(-iwt)dw, I 
(4) 

j=qv(t)6[r-r(t)] = j,(r)exp(-iot)dw, I 
where q is the magnitude of the charge and v ( t) = dr(t) /dt 
is its velocity. 

It follows from Eq. (3) that from every point r' at 
which the charge density pw(rl) and the current density 
j,(rl) are nonzero, a spherical wave 

is emitted whose amplitude is proportional to the Fourier 
component of the current or charge density at r', and the 
total field is determined by superposition of waves of type 
(5), emitted from every point of the trajectory. It is there- 

fore possible in principle to divide the trajectory into sev- 
eral segments and then look for the total field in the form 
of interference between the fields radiated from individual 
segments. The subdivision of the trajectory is dictated by 
convenience. The radiation from certain simple trajectories 
is well known. Among such simple problems, are, in par- 
ticular: 

(a) radiation from an instantaneous start.ly2 It is as- 
sumed that the charge particle is at rest up to the instant 
t= t l ,  and at t=t ,  its velocity jumps from zero to some 
value v and remains unchanged thereafter; 

(b) radiation from a particle in uniform circular mo- 
tion (synchrotron radiation) 3-5 

(c) radiation from particle in a periodic trajectory r ( t  
+ T )  = r ( t) + 1, where T is the time period and 1 the space 
period. This radiation is known as undulatory radiation. 

The study of these simple cases is justified by the fact 
that for each of them an exact quantitative investigation is 
possible by evaluating the integrals in (3) and obtaining 
analytic expressions for the fields. With the help of these 
exact expressions, more complicated cases can be consid- 
ered. In particular, uniform motion of the charge along a 
finite segment of the path can be represented as a start at 
the initial point, uniform motion along the specified seg- 
ment of the path and instantaneous stop at the end of the 
segment. Similarly, motion of the charge along a finite seg- 
ment of a circular arc can be viewed as a start at the initial 
point of the arc, then uniform motion along the arc and 
instantaneous stop after traversing the specified arc 

If the trajectory consists of rectilinear segments 
connected by circular arcs, then it is obvious that the re- 
gion of integration can be broken up into three segments: 
rectilinear motion up to the arc, motion along the arc, and 
a transition to the rectilinear motion at the end of the arc. 

However, the division of the trajectory into individual 
segments is only justified provided the interference between 
the radiations emitted from different segments is weak. In 
those cases when the interference is strong, the physical 
identification of individual segments of the trajectory 
makes no sense. In an actual experiment it is rare to ob- 
serve in a pure form the above indicated forms of radiation. 
Much more often we have to deal with one or another 
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FIG. 1 .  Experimental layout: 1 )  flange, 2) turning magnet, 3) Faraday 
cup, 4) receiver. 

combination of start and stop of the accelerated motion. To 
determine the field, it is then necessary to evaluate the 
integrals in (3) for the field potentials over the entire phys- 
ically important region of motion. 

If we insert the law of motion (4) into the integral (3), 
we obtain for the potentials A,(r) and g,,(r) the 
expressions1 

If the potentials in the expansions (3) are represented by 
integrals over space, then the representation (6) contains 
integration over time. However, it is obvious that if it is 
possible to divide the integration volume into physically 
distinct regions in the representation (4), the integrals (6) 
can be divided accordingly in time. In the case that radia- 
tions emitted from individual segments of the trajectory 
interfere strongly with each other, the division into inte- 
gration segments turn out to be inconvenient. Below we 
consider an experiment whose description is not simplified 
by dividing the trajectory into segments, because the radi- 
ations from different segments of the trajectory interfere 
strongly with one another. 

1. EXPERIMENTAL METHOD 

The experiment was performed at the Department of 
High Energy Physics of the P. N. Lebedev Institute of 
Physics of the Russian Academy of Sciences. The experi- 
mental layout is shown in Fig. 1. The source of the rela- 
tivistic electrons was a microtron. The accelerated current 
consisted of a sequence of electron bunches each r 10 mm 
long, spaced r 100 mm apart. The energy of the electrons 
was E=7.2 MeV and the current was 1=40 mA in a 4 ps 
pulse. The particles traversed a beam transporter contain- 
ing correctors and lenses, and emerged from the microtron 
vacuum into the atmosphere through a copper foil 100 pm 
thick at the beamline flange 1. The beam passed next 
through a bending magnet 2 and was absorbed in a Fara- 
day cup 3. The 80-mm wide bending magnet produced a 
field of amplitude H= 1000 Oe, in which the particles were 
deflected by an angle a=2O0. The part of the orbit from 
which the electromagnetic radiation was collected was lo- 

cated in the air between the foil transversed by the beam 
and the Faraday cup. That part of the orbit is shown 
dashed in Fig. 1. 

The intensity of the radiation was measured by the 
receiver 4, containing a D-407 or D-404 silicon point- 
contact diode and an amplifier. The receiver was located 
-200 mm from the foil. The front end of the detector was 
covered by a layer of absorbing rubber, except for the diode 
window. This prevented possible volume resonances at low 
frequencies. The D-407 diode has maximum sensitivity at 
wavelengths of 5-7 mm, and the D-404 diode at 1&12 
mm. These wavelengths correspond to the low-frequency 
end of the spectrum, since the critical wavelength, near the 
spectral peak, is equal to our case to R=4rrd3?=0.33 
mm, where ro is the radius of the orbit and y is the particle 
energy in units of me2. The receivers could be remotely 
moved in the horizontal plane, perpendicular to the beam 
line. Varying the position of the receiver changed the angle 
g, between the tangent to the beam orbit at the middle of 
the bending magnet (the y-axis in Fig. 1 ) and the direction 
to the receiver. The angle of observation was varied be- 
tween g, = 0" and g, - 30". In Fig. 1, the angle of observation 
p=O corresponds to the y-axis, and it can be varied only in 
one direction (i.e., toward positive values of x )  due to the 
geometry of the setup. 

The experimental layout differed from that described 
in Ref. 7 in that it was possible to change the distance 
between the flange 1 and the bending magnet 2. In Ref. 7, 
the electron beam entered the field of the bending magnet 
immediately upon leaving the foil. The present layout per- 
mits moving the bending magnet away from the foil, and 
therefore the beam trajectory between the foil and the mag- 
netic is rectilinear. It turns out that the character of the 
angular distribution depends strongly on the distance be- 
tween the flange and the bending magnet (i.e., the length of 
the rectilinear segment). 

2. DISCUSSION 

In the previous experiment,' we studied the angular 
distribution of the radiation in the absence of the rectilin- 
ear segment, when the distance L between the beam injec- 
tor flange and the face of the bending magnet was equal to 
zero ( L  =O). In Fig. 2 (a) we show the angular distribu- 
tion of the radiation at A =  12 mm when that distance 
equals 25 mm. For comparison, we show the angular dis- 
tribution for L=O in Fig. 2(b). It is clear that the recti- 
linear segment leads to interference between radiation 
emitted from different segments of the trajectory, which 
produces maxima and minima in the angular distribution. 
In fact, the magnetic field affects electrons even before they 
enter the space between the poles, since the magnet has a 
fringing field. However, first, the fringing field is substan- 
tially weaker than the field between the poles, and second, 
its influence extends out substantially less than the path 
length over which emission is produced at R -- 12 mm (see 
below ) . 

It would be natural to attempt to explain the observed 
radiation as interference of the aforementioned elementary 
types of radiation. As the electron leaves the foil, it emits 
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4 In arb. units 
a 

transition radiation (or, what is the same, radiation from 
an instantaneous start). Upon entering the magnet, the 
electron starts to move along a circular arc, resulting in 
synchrotron radiation. It might be thought that the total 
radiation consists of interference between these two types. 
However this simple picture fails to describe the observed 
result. The point is that under the conditions of the exper- 
iment the transition radiation has no time to form. Indeed, 
it can be said that the transition radiation has formed if the 
rectilinear segment of the trajectory after leaving the foil is 
long enough for the radiation field to separate in space 
from the field of the charge. This length (formation path or 
coherence length) is of order A?. Under the experimental 
conditions, A = 12 mm and y = 15, i.e., the formation path 
is meters long. On the other hand, the length of the recti- 
linear segment is 25 mm. Obviously, the transition radia- 
tion has no time to form on such a segment. When the 
length of the rectilinear segment of the trajectory is sub- 
stantially less than the formation path, the angular distri- 
bution of the intensity does not decrease outside the char- 
acteristic angle y-', but approximates the angular 
distribution of the classical dipole radiation. Typically, the 
same can be said about the radiation resulting from the 
motion of the beam in the field of the bending magnet. 
Since we are considering long-wavelength radiation 
(A= 12 mm), and the length of the arc along which the 
beams moves in the magnetic field is limited ( -20"), there 
is no time for synchrotron radiation to form on this seg- 
ment. 

In view of these considerations it is much more con- 
venient to give up the idea of considering the resultant 
emission as interference between transition and synchro- 
tron radiation, and from the beginning calculate the total 
radiation field from Eqs. ( 3 ) ,  substituting there the actual 
trajectory. This trajectory consists of a rectilinear segment 
25 mm long, followed by a circular arc of radius ro = 15 cm 
and central angle of -20", followed by a rectilinear seg- 
ment that the electrons follow after passage through the 
magnet. This last segment is ~ 6 0  mm long. The results of 
the calculations are shown in Fig. 3, where we show I, as 
a function of the angle of observation. We note that the 
detector has not been calibrated in flux density, and there- 
fore the angular distribution observed experimentally is 
given in arbitrary units. The calculated ordinates of the 
angular distribution in Fig. 3 are approximately propor- 
tional to the experimental values in Fig. 2(a). Therefore it 

0.5 - 

can be said that the calculation correctly describes the 
character of the angular distribution. 

Note that in the calculations we took into account the 
fact that the observation point is at a distance from the 
region of motion of the charged particles that cannot be 
considered large in comparison with the size of that region. 
Were the point of emission sufficiently far away, its radia- 
tion could be expressed in terms of the vector potential A, 
along, as was done in Ref. 7. Under the conditions of the 
present experiment, the detector is located at a distance 
from the radiation zone that is comparable to the dimen- 
sions of that zone. Therefore both the vector and scalar 
potential must be known to calculate the field. 

It was proposed in Ref. 7 that the intensity modulation 
observed in the angular distribution were due to high- 
frequency effects of the radiation. It follows, however, from 
the present calculations that there is no need for such a 
proposal. The modulation of the angular distribution is 
adequately explained by taking into account the actual tra- 
jectory. The previously mentioned lack of justification for 
dividing the trajectory into individual segments applies not 
only to comparatively low energies and long-wavelength 
radiation, but also to high energies and optical radiation. 

The authors are grateful to Ya. Ruzhichka and V. P. 
Zrelov for information (see Ref. 8, 9) ,  as well as to V. N. 
Melekhin for valuable remarks. 
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FIG. 3. Angular distribution of the intensity of the u-polarized of the 
radiation, obtained by numerically integrating Eqs. (3):  A=12 mm; 
L=25 mm. 
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